Autoimmune regulator (Aire)-deficient mice and humans have circulating autoantibodies against a multitude of organs and multiorgan autoinflammatory infiltrates. It is not known to what extent autoantibodies or their source, B lymphocytes, are required for disease onset or progression. We show in this research that B cells must be present for Aire-deficient mice to develop fulminant infiltrates. We found no evidence that autoantibodies were directly pathogenic; rather, B cells appeared to play a critical early role in T cell priming or expansion. A therapeutic reagent directed against B cells, Rituximab, induced remission of the autoimmune disease in Aire-deficient mice, raising the hope of applying it to human patients with autoimmunepolyendocrinopathy-candidiasis-ectodermal dystrophy (APECED).
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autoimmunity ͉ B lymphocytes ͉ tolerance ͉ autoantibody A s T and B lymphocytes differentiate, random rearrangement of their antigen-specific receptor genes results in a diverse repertoire of surface receptors, including occasional receptors capable of recognizing the body's own constituents. To keep autoimmunity at bay, tolerance-induction mechanisms operate on lymphocytes as they differentiate in the thymus and bone marrow and after they emerge into the periphery.
Multiple mechanisms of tolerance induction operate on differentiating thymocytes (1) . Stromal cells of the hematopoetic lineage (i.e., macrophages and dendritic cells) purge the repertoire of a number of self-reactive specificities, especially thymocytes that recognize ubiquitous or bloodborne antigens. A highly specialized stromal cell population, medullary epithelial cells (MECs), expresses a broad spectrum of peripheral tissue antigens (PTAs). Peptides derived from the PTAs are presented to thymocytes percolating through, driving clonal deletion of those whose T cell receptors (TCRs) are triggered within the appropriate range of affinity/avidity (2) . Expression of many, although not all, PTAs is controlled by the transcriptional autoimmune regulator (Aire) (2, 3) . In the absence of Aire, clonal deletion of self-reactive thymocytes is compromised (4, 5) , and autoimmunity ensues (3, 6) .
Mice and humans with a mutant Aire gene show autoimmunity to a multitude of organ-specific antigens. Aire-defective humans develop autoimmune-polyendocrinopathy-candidiasisectodermal dystrophy (APECED), which manifests as an autoimmune attack of the adrenal and parathyroid glands, stomach, liver, reproductive organs, etc. (7). Aire-deficient mice also develop a multiorgan autoimmune pathology in which targets and severity vary with the genetic background, becoming rapidly lethal on some but not other backgrounds (3, 6, 8, 9) . In both the human and murine disorders, chronic inflammation of multiple organs is accompanied by autoantibodies against proteins made specifically by these organs (3, 6, 8, 10) . The presence of autoantibodies in APECED patients is potentially of predictive value because they precede clinical disease and organ destruction (10, 11) . In mice, a similar correlation exists between development of autoantibodies and of chronic inflammation in particular organs (8) .
The Aire/anti-organ-autoantibody/anti-organ-infiltrate circle was recently closed; class-switched antibodies specific for interphotoreceptor retinoid-binding protein (IRBP) and glycosylated glycoprotein (Mucin 6) were found to result from the failure of Aire-deficient MECs to tolerize thymocytes to these eye and stomach PTAs, with the consequent activation of cognate B and T lymphocytes in the periphery and inflammation of the organs harboring these antigens (12, 13) .
However, it is not known how B lymphocytes and the autoantibodies they produce relate to the autoimmune process. Self-reactive B cells may be involved as important participants in the disease or as mere bystanders of the autoimmune attack. This question is of practical importance given the recent advances in immunotherapy targeting B cells in a growing number of autoimmune diseases (14) . We show here that B cells are obligate early participants in the inflammatory pathology of Airedeficient mice and provide proof of principle that anti-B-cell therapy has promise for APECED patients.
Results

B Cell Deficiency Protects Aire-Null Mice from Their Characteristic
Autoimmunity. To investigate the contribution of B cells to the autoimmune pathology that develops in Aire-knockout mice, we introduced mutations causing a severe block in B-cell differentiation. First, we crossed AireϪ/Ϫ mice with B-cell-deficient (MT)Ϫ/Ϫ animals, whose B-cell differentiation is arrested at the pre-B-cell stage due to a mutated transmembrane domain in the immunoglobulin M (IgM) surface receptor (15) . AireϪ/ϪMTϪ/Ϫ mice on a (B6 ϫ 129) F2 genetic background were monitored for 20 weeks, whereupon histological sections from a diversity of organs were surveyed, yielding a cumulative disease-severity score that factored in the intensity of inflammatory infiltrates plus the number of organs affected in each mouse. As expected, AireϪ/Ϫ mice with a standard B-cell compartment developed strong inflammation of many organs; in contrast, infiltrates were weaker and rarer in littermates homozygous for the MT mutation (in addition to being AireϪ/Ϫ) (Fig. 1A-C) . As depicted in Fig. 1C , the retina was always intact in AireϪ/ϪMTϪ/Ϫ double-mutant mice, which was significantly different from what was found with standard AireϪ/Ϫ animals (p ϭ 0.01). There was also significantly less inflammation of the salivary glands (p ϭ 0.00001) and reproductive organs (p ϭ 0.04) in the absence of B cells. Whereas there was a trend toward reduced inflammation of the stomach, pancreas, and liver in mice lacking B cells, this did not quite reach statistical significance (p ϭ 0.07, 0.05, and 0.08, respec-tively). These results suggest that infiltration of different organs relies more or less critically on the participation of B cells at some stage of the autoimmune process.
Previous reports have raised the possibility that an absence of B cells merely delays the onset of autoimmunity (16) . Given the protracted course of disease in the AireϪ/Ϫ mouse on a mixed B6 ϫ 129 genetic background, we attempted to circumvent this potential issue by performing a similar cross on the nonobese diabetic (NOD) background, where the Aire deficiency results in early and severe autoimmune disease, with wasting of most animals beginning between 5 and 15 weeks of age (6, 8) . Multiorgan inflammation is always extensive in this strain, with exocrine pancreatitis and complete destruction of the pancreatic parenchyma dominating the pathology.
The severity of inflammation differed greatly between NODbackground AireϪ/ϪMTϪ/Ϫ and AireϪ/Ϫ mice ( Fig. 2 A-C) . Within a given target organ, the same tissues were infiltrated, but often with a change in the severity and organization of the infiltrating cells; in general, AireϪ/ϪMTϪ/Ϫ mice had a modest and diffuse infiltrate, rather than the massive compact front of infiltrating cells usual for single-deficient AireϪ/Ϫ animals. As was the case for (B6 ϫ 129) F2 mice, the eye was always spared in NOD. AireϪ/ϪMTϪ/Ϫ animals; salivary glands and pancreata also tended to have milder inflammation in NOD mice lacking B cells (Fig. 2C ). Whereas standard Aire-knockout mice on the NOD background developed severe wasting and gradually succumbed, all B-cell-deficient NOD. AireϪ/Ϫ mice maintained their body weight and were alive at the end of the 20-week follow-up period (Fig. 2D) .
Thus, B-cell-deficient mice seemed substantially protected from the chronic inflammation provoked by the absence of Aire. We wondered whether the residual disease in AireϪ/ϪMTϪ/Ϫ mice might reflect the occasionally incomplete block of B cell differentiation in MTϪ/Ϫ mice that has been observed on some genetic backgrounds (17) . Therefore, we crossed AireϪ/Ϫ animals with another line having a more robust block in B cell differentiation. JhϪ/Ϫ mice lack the junctional region of the immunoglobulin (Ig) heavy chain and are thereby incapable of assembling a surface B-cell receptor, leading to a block in B-cell maturation at the pro-B to pre-B-transition (18) . We analyzed autoimmunity in AireϪ/ϪJhϪ/Ϫ double-knockout mice, this time on the BALB/c background, compared with AireϪ/Ϫ littermate controls. As expected, mice homozygous for the Jh mutation completely lacked B cells (data not shown) and Igs (Fig.  3A) . Again, the autoimmune disease was considerably weaker in AireϪ/Ϫ mice that lacked B cells (Fig. 3B) , although a slight residual disease was still present. In brief, these results indicate that B cells are obligate players in the organ-specific autoimmunity of Airedeficient mice.
No Detected Impact of Maternal Antibodies. In the NOD model of autoimmune diabetes, which is also dependent on B lymphocytes, maternally transferred antibodies promote disease (19) . Thus, we asked whether maternal Igs, transmitted from an AireϪ/Ϫ mother, could influence the timing and severity of chronic inflammation in her AireϪ/Ϫ offspring. The answer was that no significant influence occurred (p ϭ 0.23) (Fig. 4) .
Where B Cells Impact on the Autoimmune Process. We questioned whether antibodies from AireϪ/Ϫ mice might have a direct pathogenic effect. As an initial test, serum from 20-week-old diseased B6 ϫ 129 AireϪ/Ϫ mice was transferred to normal recipients twice weekly for 7 weeks. No disease was observed in any of the recipients (Fig. 5A) contingent of improperly tolerized T cells but do not develop disease due to the absence of B cells. If autoantibodies serve, for example, by direct toxicity, to augment the effector function of T cells in the target organs, such a protocol should recapitulate the AireϪ/Ϫ phenotype. However, at the end of 8 weeks, no signs of inflammation were detected (Fig. 5B) . These findings suggested that the production of autoantibodies was unlikely to be the critical contribution of B lymphocytes to the pathogenic process. Rather, they were probably operating earlier, for example by facilitating T cell priming and/or expansion through their capacity for focused antigen-presentation. To test this notion, we determined whether T cells, once primed in the presence of B cells in AireϪ/Ϫ mice, were able to mediate multiorgan inflammation on their own. Indeed, CD4
ϩ plus CD8 ϩ T cells sorted from 7-week-old NOD.AireϪ/Ϫ mice could transfer multiorgan inf lammatory disease to alymphoid NOD.RagϪ/Ϫ mice, whereas this was not the case for T cells from wild-type donors (Fig. 5C ). The absence of B cell contamination in T cell-transferred mice was confirmed by the absence of circulating Ig in the recipients Ͻ1% of normal serum immunoglobulin G (IgG) and IgM levels (data not shown)]. Parallel results have been reported by Niki et al. (9) , who showed that NOD.AireϪ/Ϫ T cells infiltrated the exocrine pancreas when transferred into lymphopenic NOD.scid recipients. Thus, the critical role of B cells in the autoimmune disease of AireϪ/Ϫ mice is an early one: They are not directly pathogenic and are even dispensable at the effector phase.
Therapeutic B Cell Intervention. The important contribution of B cells to the autoimmune pathology of Aire-deficient mice prompted us to ask whether disease could be ameliorated by immunotherapy targeted at this cell-type, an approach that might be applicable to APECED patients. To tackle this question, we exploited a mouse line carrying a transgene encoding the human CD20 (huCD20) molecule (20) ; treatment of such mice with an anti-huCD20 monoclonal antibody (mAb), Rituximab, used in the clinic allows convenient preclinical exploration of anti-B cell therapies (21) . The huCD20 transgene was introduced into the NOD.AireϪ/Ϫ line through 11 generations of backcross. The mice were treated with repeated doses of Rituximab (1 mg weekly), starting at 3 weeks of age leading to a 60% reduction in circulating B cells, but no durable reduction in splenic marginal zone or follicular B cells (data not shown) (Fig. 6A) . Pilot studies had demonstrated that exocrine pancreatitis was already initiated in NOD.AireϪ/Ϫ mice at 3 weeks (M. Gueraude-Arellano, C.B., and D.M., unpublished observations), so this protocol represents intervention in a disease already initiated but not fully developed.
Rituximab treatment had a marked effect on the survival rate; all treated mice lived to the end of the experiment, whereas 28% of the untreated animals had to be killed due to wasting disease (p ϭ 0.01). Inflammation was assayed histologically one week after the last dose of mAb, focusing on the pancreas, the organ most consistently infiltrated in NOD.AireϪ/Ϫ mice. The extent of inflammation and tissue destruction was significantly reduced in the Rituximab-treated animals (mean pancreatitis scores 1.28 versus 2.17, p ϭ 0.03) (Fig. 6B) . No modifications in the average titer of total serum IgG were noted in the treated animals (data not shown). Immunoblotting of pancreas extracts revealed that Rituximabtreated mice had a partial reduction in serum autoantibodies, fewer antigen bands being detectable (Fig. 6 C and D) and densitometric quantitation yielding an average integrated band intensity 1.83-fold lower than that of untreated controls (p ϭ 0.0065).
When Rituximab therapy was started later in the course of the disease at 5 weeks of age, survival and wasting were still significantly improved (supporting information (SI) Fig. S1 ) (p ϭ 0.04 for survival), but the histological score did not differ significantly from that of untreated mice: Average score was 2.16 in six treated mice versus 2.6 in five untreated mice (p ϭ 0.6). Hence, there may be a time-window when inflammatory lesions are most susceptible to remission, consistent with the finding that B cells are operating early in the disease course to promote T cell priming and/or expansion.
Discussion
The major conclusion of these studies is that B cells are required for fulminant multiorgan inflammation in AireϪ/Ϫ mice. They also provide proof-of-principle that anti-B-cell therapy may be an option for addressing the autoimmune disease in AIREdeficient APECED patients.
The mild disease in AireϪ/ϪMTϪ/Ϫ mice is likely to reflect residual B cell function in MTϪ/Ϫ mice, as described in previous studies (17) , because it disappeared mainly in the AireϪ/ϪJhϪ/Ϫ animals. Although the residual disease of AireϪ/ϪMTϪ/Ϫ mice may be too rare to support a strong conclusion, it is interesting that not all target organs were equally affected: An intact B cell compartment was required for retinopathy, whereas inflammation of the salivary glands, reproductive organs, and pancreas could develop, albeit mildly, in the context of a compromised B cell compartment. The variable requirements for B cells for the occurrence of immunopathology in individual organs might be due to differential accessibility of the relevant antigen(s), with immunologically privileged sites like the eye being least accessible. Other potential influences include the organ's vascular properties and resident leukocyte populations.
How do B cells promote pathology in Aire-deficient mice? They probably do not express Aire themselves (22) , although this fact has been debated of late (23) , so the effect is likely to be an indirect one. Furthermore, the representations of B-cell subsets and the serum concentrations of Ig classes were unchanged at disease onset and during most of the disease course in AireϪ/Ϫ adults compared with wild-type littermates [(3, 24) and our unpublished data]. B cells can have a variety of functions: They produce Igs, release immunomodulatory cytokines, regulate lymphoid tissue neogenesis and lymphangiogenesis, present antigen, and influence the activities of dendritic cells and T cells (25) (26) (27) (28) (29) . Of these functions, the production of Igs is central to certain other autoimmune disease models, for example, transfer of self-reactive Igs triggers the immediate onset of inflammatory immunopathology in arthritis, lupus nephritis, oophoritis, pemphigus, etc. (30) (31) (32) (33) . Maternal Igs have been suggested to play a different role in type-1 diabetes by contributing to the eventual activation of islet-reactive T cells in the offspring. Neither of these activities was detected in our exploration of the role of B cells in the AireϪ/Ϫ mouse model, suggesting that pathogenic Igs are not the primary mechanism in this case.
However, B cells can influence T cell function through a variety of means (21, (34) (35) (36) (37) (38) . It has been suggested that they are involved in regulating the activation status and number of effector T lymphocytes based on observations of abnormal CD4 ϩ T cell responses in B cell-deficient mice (36, 37) . B cells can bind antigen with high affinity and are more effective than dendritic cells and macrophages at capturing and presenting rare antigens (39, 40) . An impact of B cells via antigen presentation and T cell priming and/or expansion has been invoked to explain the B-cell dependence of autoimmune diabetes in the NOD mouse (16, 41) , although more recently it was suggested that B cells in this context might also play a role in controling regulatory T cells (21) , which may or may not be a reflection of the same molecular process(es). Our results in the AireϪ/Ϫ setting are consistent with an effect of B cells on the priming/expansion of autoreactive T lymphocytes: T cells alone can transfer multiorgan autoimmunity in an effector phase that appears to be B-cell independent. Whatever the mechanism, it is exciting that B-cell-directed intervention with a mAb already used in the clinic had a significant effect on early disease progression in AireϪ/Ϫ mice.
The fact that the treatment did not work at 5 weeks is consistent with a role for B cells in T cell priming/expansion, and raises the possibility of early-stage intervention in the analogous human context. Thus, APECED joins the list of T cell-mediated autoimmune diseases for which the exploration of the clinical efficacy of Rituximab seems warranted. This is a welcome development in the case of APECED because therapeutic options have so far been rather limited, confined to hormone replacement, antifungal agents, and immunosuppressive therapy with corticosteroids, azathioprine, cyclosporine A, or methotrexate (42), which treat the symptoms (metabolic abnormalities, immunodeficiency) rather than the cause.
Materials and Methods
Mice and Sera. The sources and genotyping strategies for all mutant mouse strains are described in the SI Materials and Methods. Sera were obtained from tail bleeds or through cardiac puncture of euthanized mice. Treatments. Rituximab was provided by Genentech. One milligram Rituximab was administered intraperitoneally (ip) in 6 weekly doses to 3-or 5-week-old mice. Animals were killed 1 week after the last dose. Serum was administered ip in 2 weekly doses, 200 l each, for a duration of 7 weeks to 6-week-old wild-type (B6 ϫ 129) F2 recipient mice. One-week-old BALB/c.AireϪ/ϪJhϪ/Ϫ mice received weekly ip injections of 200 l of serum for a duration of 8 weeks.
Aire-/-
Histology. Tissues were fixed in Bouin's solution and embedded with paraffin. Sections were stained with hematoxylin and eosin (H&E) and scored blindly by two independent investigators. Infiltration for each organ is indicated by zero (none), 1 (trace/mild), 2 (moderate), or 3 (severe). Individual organ scores were summed to yield a cumulative disease score. Images were acquired on a Zeiss Axiophot2 microscope and were processed with Spot Advanced imaging software (Diagnostic Instruments).
Western Blotting. Protein was extracted from NOD mouse pancreata in a Dounce homogenizer, each mg of tissue being ground in 20 l of sample buffer (62.5 mM Tris-HCl, pH6.8, 25% glycerol, 2% SDS, 1% bromophenol blue, and 5% ␤-mercaptoethanol). Extracted tissue protein was treated as described in the SI Materials and Methods. Serum IgG Measurements. ELISA plates were coated with 5 g/ml goat antimouse IgG (heavy and light chains, Jackson ImmunoResearch) at 4°C overnight. Unbound Ig was removed by washing three times with PBS containing 1% BSA and once with PBS alone. Sera were tested as described in the SI Materials and Methods.
Statistical Analysis. A two-tailed Mann-Whitney rank sum U test assessed statistical significance.
